Background: Directed evolution by DNA shuffling has been used to modify physical and catalytic properties of biological systems. We have shuffled two highly homologous triazine hydrolases and conducted an exploration of the substrate specificities of the resulting enzymes to acquire a better understanding of the possible distributions of novel functions in sequence space.
Introduction
The unpredictability with which protein function alters with sequence has led to the development of directed evolution as a laboratory process that mimics some of the features of natural evolution in order to obtain proteins, metabolic pathways, viruses, cells or organisms with desired properties. Variants are typically produced by mutation and/or recombination, and the libraries thus produced are screened for their ability to perform a speci¢c function. Recursive application of this procedure has been used successfully to modify physical and catalytic properties of enzymes such as pH optima [1] , thermotolerance [2] , solvent stability [3] , stereoselectivity [4] , catalytic activity and substrate speci¢city [5] , as well as toxicity resistance mechanisms in bacteria [6] and the host range and stability of viruses [7, 8] .
Directed evolution has so far been used almost exclusively as a tool for engineering proteins; to date little predictive insight has been gained from directed evolution experiments. The e¡ects of mutations are often interpreted in terms of their locations in and possible e¡ects upon a protein's crystal structure [4, 9, 10] which may provide some information regarding the structure^function relationship for a speci¢c protein but is seldom used to modify a protein further.
Directed evolution may be a direct way to provide information about the distribution of function in sequence space. Although usually applied to produce a single spe-ci¢c phenotype, recombination-based methods such as DNA shu¥ing [11] could produce an enormous amount of sequence and functional diversity [1, 12] . We wished to test whether DNA shu¥ing could be used to generate information about the potential catalytic activities, and in particular the substrate speci¢cities, accessible in a small de¢ned region of sequence space. Here we ask two speci¢c questions: (1) can correlations between sequences and functional information be used predictively without structural information and (2) how densely do di¡erent functionalities appear in real (rather than modeled) sequence space.
We chose as a test system the closely related but distinct enzymes AtzA and TriA, which initiate hydrolysis of s-triazines by dechlorination or deamination respectively [13^15] . s-Triazines have recently appeared in the environment because of their uses as herbicides, pesticides and in plastics [16, 17] . Degradation of s-triazines by microbes was observed relatively rapidly after their introduction [18] . AtzA was isolated from an atrazine-degrading Pseudomonas species found at an atrazine spill-site [19] . Atrazine is a herbicide that has been used extensively for several decades in the USA for control of broad-leaved weeds in maize, sugar cane and sorghum; atzA genes have been found in many geographically distinct sites where atrazine is used [20] . Melamine is used as a plasticizer in the production of products as diverse as ¢breboard and tableware. Although not spread into the environment deliberately, melamine spill-sites also exist and it is from municipal sewage that a melamine-degrading Pseudomonas strain and the triA gene were obtained [15, 21] .
AtzA and TriA catalyze dechlorination and deamination reactions respectively ( Fig. 1) , with little overlap in substrate preference despite di¡ering by only nine amino acids out of a total of 475 [15, 22] . It is likely that s-triazine degradation pathways have evolved very recently, probably in response to the environmental appearance of s-triazines. The small di¡erence in sequences between AtzA and TriA strongly suggest a very recent common ancestor. Ellington and colleagues have recently shown that laboratory evolution of a L-glucuronidase to a L-galactosidase proceeds through generalist intermediates with broader substrate speci¢cities [23] . We might therefore expect to see intermediates between the naturally evolved TriA and AtzA enzymes that also possess broader substrate speci¢cities. Here we describe an exploration of the functional plasticity of the region of sequence space around AtzA and TriA, permutating the nine amino acid di¡erences by DNA shu¥ing and screening the chimeric library for variants that hydrolyze other s-triazines.
Triazine library design
We designed a family of 15 triazine compounds, di¡ering both in their leaving group chemistry and in their steric hindrance ( Fig. 2 ). We ¢xed one of the side chains as isopropylamine in all compounds tested. We varied the second side chain (R1) to confer increased bulkiness, altering R1 from ethylamine to isopropylamine to morpholine (the morpholine moiety was chosen to mimic the bulkiness of a cyclohexylamine group while maintaining solubility of the substrate in aqueous bu¡er). We varied the leaving group (R2) from a primary amine to chloride, methoxy, methylamine and methylthio moieties. These substituents cover a 5U10 4 -fold range of leaving group e¡ectiveness in nucleophilic aromatic substitution reactions [24] .
Chimeric triazine hydrolases have improved and novel substrate speci¢cities
We constructed a library of chimeric enzymes by DNA shu¥ing triA with atzA. We then screened 1600 members of the shu¥ed library, tested as crude bacterial lysates, against each of the 15 triazine substrates. The shu¥ed library contained enzymes that hydrolyzed ¢ve of the eight substrates that were not hydrolyzed by either of the parental enzymes. As shown in Fig. 3 , enzymes hydrolyzing three of the recalcitrant substrates (prometon, prometryn and N-methylaminopropazine) were identi¢ed with hydrolysis rates respectively 180-, 20-and 90-fold above the minimum rates required for detection in our assay. No activity was detectable for any of these substrates with either wild type enzyme, so the activity above the detection limit represents the minimum improvement in activity obtained for these substrates. Although Fig. 3 shows that variant 12 was the most active enzyme in the hydrolysis of each of these substrates, Table 1 shows that we obtained multiple enzymes capable of hydrolyzing these compounds. Two other recalcitrant substrates (morphazine, and aminomorphazine) were also hydrolyzed by members of the enzyme library, but the absence of a hydroxymorphazine standard prevented us from obtaining quantitative kinetic data.
For each of the seven triazines for which the parental enzymes showed some activity (atrazine, atratone, ametryn, N-methylaminoatrazine, aminoatrazine, propazine and aminopropazine), the library of shu¥ed enzymes also yielded multiple recombinant enzymes with increased transformation rates up to 150-fold greater than the best parental enzyme ( Fig. 3 ).
Triazine hydrolase sequence space is densely packed with functional variation
To investigate whether the information generated by DNA shu¥ing and high-throughput mass spectrometry could be used predictively we analyzed the sequences and activities of the best 18 chimeras, 7 randomly chosen weak positives and 5 inactive variants (Table 1) , and characterized their activities against the 15 triazines.
Comparison of the sequences revealed that AtzA-derived asparagine at position 328 and serine at position 331 are found in enzymes that are capable of only dechlorination (variants 1^5, 19 and 20), while TriA-derived as-partate at position 328 is found with either serine or cysteine at position 331 in enzymes catalyzing any reaction other than dechlorination.
Also notable is a comparison between the activities of variants 10, 11 and 12 against substrates with bulky side chains and methoxy, methylamino or methylthio leaving groups. The only di¡erence between these three variants is decreasing size of the amino acid at position 92: from leucine to valine to alanine (the alanine in variant 12 is a fortuitous randomly introduced amino acid change resulting from mutagenesis in the DNA shu¥ing process). As the size of amino acid 92 decreases from leucine to alanine, activity against substrates containing large R1 side chains increases.
In almost all variants sequenced positions 217 and 219 were maintained as the AtzA-derived threonines. We do not believe that this is a result of a failure to shu¥e these amino acids due to their close proximity for several reasons. Firstly, amino acids at positions 253 and 255 are also separated by only one amino acid, and yet they are seen to be uncoupled in 3 of the 18 best variants sequenced (variants 2, 8 and 18). Secondly, we observed the TriA-derived isoleucine at position 217 in combination with the AtzAderived threonine in position 219 in one of the randomly selected weak positives (variant 25). This provides direct evidence of recombination between these amino acids. Thirdly the TriA-derived 217I and 219P only appear together in two inactive variants (26 and 27) . We therefore believe that their absence from the successful chimeras is because of their lower ¢tness either alone or in combination.
The information from the sequence and activity comparison allows us to make broad generalizations concern-Fig. 3 . Turnover rates of the best chimeric triazine hydrolases acting on di¡erent substrates. Turnover rates in WM/h for reactions containing approximately 40 ng of protein from a cell lysate in a 100 Wl reaction. Rates for AtzA (open circles) and TriA (solid squares) with each of the 10 substrates with either ethyl or isopropyl R1 groups. The ¢lled bar for each substrate represents the best performing member of the original library towards that substrate ; the variant number is indicated on the bar. Errors calculated by linear regression were less than 10%; error bars are not marked because they do not show up on the logarithmic scale used. ing structure and function relationships. These include: amino acids at positions 84 and 92 a¡ect the bulk of side chain R1 that can be accepted, AtzA-derived amino acids are favored at positions125, 217 and 219, enzymes containing 253L and 255W from TriA tend to be more active against a broader range of substrates than those with the AtzA-derived amino acids, and 328D is required for all hydrolytic reactions other than dechlorination. Nevertheless it is clear from results shown in Table 1 that these generalizations represent a signi¢cant oversim-pli¢cation, the precise e¡ect of any one amino acid change depends on its context and the states of the other eight variable amino acids.
Comparisons of enzyme sequences with activities can provide predictive information
Having obtained correlations between sequence and function, one of our aims was to see whether this information could be used to engineer enzymes with predictable substrate speci¢cities. While the 1600 variants screened represent about three times the potential number of recombinants (2 9 = 512), it probably does not represent a complete screening of the library. Although every variant sequenced had undergone at least one and as many as four recombination events, recombination does not occur equally between each varying amino acid position : there are three pairs of amino acids separated by only one or two residues and these pairs tend to remain linked together. In addition about a third of the variants sequenced had acquired additional amino acid changes as a result of the shu¥ing procedure. If it is possible to derive function^sequence correlations from the screened variants, this may substitute for exhaustive screening of a library.
A comparison between the activities of variants 10, 11 and 12 shows that as the size of amino acid 92 decreases from leucine to valine to alanine (92A occurs in variant 12 as a fortuitous mutation), activity increases against most substrates with an isopropylamine R1 side chain. Variants 10, 11 and 12 have the 328D 331C pair from TriA. Variant 4, the most active variant against propazine, is identical to variant 11 except that it contains the dechlorination-speci¢c 328N 331S amino acids from AtzA. By analogy with variant 12, we reasoned that the isopropylamine R1 side chain of propazine would be better accommodated by incorporating the 92A substitution into variant 4. We therefore constructed and tested a version of variant 4 with alanine at position 92 (variant 30). Consistent with our prediction derived by comparing sequence and function we found that this change does increase the activity of the enzyme towards propazine. We also noted that activity of variant 30 towards atrazine was slightly less than that of variant 4, showing that this increase in activity is not simply the result of an undetected increase in expression of the enzyme.
We also tested whether decreasing the size of this residue further would continue the trend. We constructed versions of variants 12 and 30 with glycine at position 92 (variants 29 and 31 respectively) and tested their activities. Table 1 shows that these variants have the same patterns of activity as their 92A parents, but in both cases the 92G substitution is somewhat less active than the 92A variant. This may be because glycine, as well as being less bulky than alanine, allows more conformational £exibility: glycine is also known to be disfavored in speci¢c protein structures like helices which could in£uence the overall three-dimensional structure of the mutant enzyme [25] .
We further noted that while aspartate at residue 328 appears with either cysteine or serine at residue 331, we only recovered chimeras with 328N paired with 331S, its original partner in AtzA. To test whether this apparent preference re£ected a functional requirement we engineered two variants (32 and 33) containing 328N 331C. Both were completely inactive against all substrates, consistent with their absence from the functional clones sequenced from the chimeric library. From these results we conclude that predictive information can be gained through DNA shu¥ing and subsequent analysis of sequences and functions of library members.
The correlations between sequence and function that we have obtained here have been limited by the size of the library and the number of variants sequenced. Because recombination produced systematically varied sequences, we have been able to obtain predictive information even from this small dataset. We anticipate that by increasing the number of parents shu¥ed, the number of progeny sequenced and functionally characterized, and the sophistication of the tools used to analyze the correlations, sequence and function data may allow the design of variants with speci¢c functionalities. Minimally it should allow the construction of smaller more functional libraries, thereby signi¢cantly reducing the number of variants that must be screened to obtain the desired characteristics.
Can evolution select for functionally plastic proteins ?
Two features of evolution contribute to the rapidity with which new functions can be generated from the enormous number of possible amino acid combinations. The ¢rst is that new proteins evolve from proteins which have been previously selected for their ability to form stable, functional structures. The second is that during the course of evolution, sequence-searching mechanisms have themselves evolved, so that organisms surviving today are those which have been able to continually adapt and reinvent themselves throughout hundreds of millions of years of changing selective pressures.
Microorganisms capable of catabolizing new xenobiotic compounds, including s-triazines, often appear only a few decades after the chemical is ¢rst released into the environ-ment. Here we have shown that there is a great richness of substrate speci¢cities in the small region of sequence space accessed by permutating the two highly homologous enzymes AtzA and TriA (Fig. 4) . The accessibility of functional variation in a biological system is a measure of its evolutionary potential [26, 27] , thus AtzA and TriA, both of which have probably been recruited very recently for their current function, are highly evolvable enzymes. While evolution cannot directly select for functions that will be required in the future, we propose that the changing availability of compounds that can serve as microbial nutrients could provide a selective advantage for catabolic enzymes that retain the ability to rapidly change substrate speci¢city. Consistent with this hypothesis we note that the substrate speci¢city determining large subunit of the catabolic enzyme biphenyl dioxygenase also appears to be highly evolvable [28, 29] .
Not all enzymes share the degree of plasticity we ¢nd in the triazine hydrolases: directed evolution of L-galactosidase and thymidine kinase required 4^7 rounds of shuf-£ing, screening of over 10 000 variants per round to obtain 30^60-fold increases in speci¢c activity [5, 30] . Here we screened 10-fold fewer variants, performed only a single round of shu¥ing and obtained enzymes with activities two orders of magnitude greater than the best parent for four substrates, and about 20-fold greater than the best parent for another three substrates. The ability to identify highly evolvable protein sequences would be a very power- Table 1 are represented on a distance matrix tree constructed using DARWIN (cbrg.inf.ethz.ch/Darwinshome.html), in which variants are ordered to re£ect the extent of di¡erences between them. Activities towards each of the 15 substrates are indicated by circles arranged in the 3U5 grid shown in Fig. 2 . For each substrate the circle area is proportional to the activity as shown in Table 1 . We have compensated for the 100-fold range in maximal activity towards di¡erent substrates by normalizing circle areas for each substrate to the maximum activity obtained towards that substrate. Untested substrates are indicated by horizontal dashes. ful protein engineering tool. Such proteins might be iden-ti¢ed by a better understanding of their natural roles and the selective pressures upon them. AtzA and TriA possess close sequence similarity coupled with functional diversity: these may be good criteria by which to identify`functional plasticity islands' in sequence space, representing other natural proteins that may have acquired permutability during evolution, thus readily yielding new functionalities via recombination.
Methods

Molecular biology
Genes for AtzA (from Pseudomonas sp. ADP, GenBank accession number P72156) and TriA (from Acidovorax avenea sitrulli NRRL B-12227, formerly Pseudomonas, GenBank accession number AAG41202) were cloned under control of the lac promoter. Genes were shu¥ed as previously described [31] and transformed into Escherichia coli TG1. Site-directed mutagenesis was performed by overlap extension [32] and DNA sequences veri¢ed by sequencing both strands on an ABI 377 sequencer.
Growth, expression and reaction conditions
High-throughput screening
Transformants were plated on LB-agar plates containing 1% glucose, picked into microtiter plates grown and induced in 1 mM IPTG. Cells were harvested by centrifugation, washed twice with 150 Wl 10 mM ammonium acetate bu¡er pH 6.8. The cell pellet was resuspended in 150 Wl ammonium acetate. Cells were diluted 5-fold into a reaction mix containing substrate at 250 WM in ammonium acetate bu¡er (125 WM for propazine and morphazine because of their relative insolubility). Atrazine, atratone, ametryn, aminomethylatrazine, aminoatrazine and propazine were reacted for 20 h at 22³C. Prometryn, prometon, N-methylaminopropazine, aminopropazine, morphazine, morphaton, morphatryn, N-methylaminomorphazine and aminomorphazine turnover were reacted for 20 h at 37³C. Reactions were stopped by addition of 100 Wl methanol. Cells were removed by centrifugation and 10 Wl supernatant was analyzed by mass spectrometry. Initial hits were retested as described above, but with varied reaction times from 10 min to 30 h at 22³C depending on the substrate being tested. Total ion current was converted to product concentration by comparison with standard curves.
Turnover rate determination
Nine clones were chosen to determine speci¢c turnover rates for all 15 substrates. Cells were grown in 3 ml cultures and normalized to A 600 = 3.0. Induction, washing and reaction conditions were as described above. Reaction samples were withdrawn for eight di¡erent timepoints between 5 min and 28 h, stopped by addition of methanol and analyzed by mass spectrometry. A dilution series of known concentrations of hydroxyatrazine or hydroxypropazine were mixed with negative control cells and used for calibration of hydrolysis products from compounds with ethyl or isopropyl R1 groups respectively. Precise quantitative turnover rates for morphazine and aminomorphazine could not be ob-tained due to the lack of a hydroxymorphazine standard for calibration.
Expression of the triazine-hydrolyzing enzymes was observed by running uninduced and induced samples from the cultures on a denaturing SDS^polyacrylamide gel and staining with Coomassie blue. We detected no variation in expression levels between the di¡erent variants. Comparison of the induced protein levels with quanti¢ed standards allowed us to calculate that 20 Wl of cells A 600 = 3.0 contained approximately 40 ng of enzyme. Turnover rates (WM/h for an enzyme concentration of 400 ng/ml) were determined for each substrate.
Chemical syntheses
Atrazine, propazine, atratone, prometon, ametryn, prometryn, hydroxyatrazine, hydroxypropazine and aminoatrazine were purchased from Cresent Chemical Co. or Riedel-de-Haen Co. The other library members were synthesized using the following general protocols.
N-Isopropyl-dichlorotriazine
To a stirred solution of cyanuric chloride (1.845 g, 10 mmol) in anhydrous dichloromethane (100 ml) at 35³C, was added Hunig's base (1.92 ml, 11 mmol) followed by dropwise addition of isopropylamine (860 Wl, 10 mmol). The solution was stirred for 1 h and the reaction was quenched by pouring into 10% citric acid (100 ml). The organic phase was separated and washed with 10% citric acid, sat. brine and dried. The solvent was removed to yield a clear oil (2.07 g, quant).
Addition of the second side chain (R1)
To a stirred solution of N-isopropyl-dichlorotriazine (1.03 g, 5 mmol) in anhydrous dichloromethane (50 ml) at 0³C, was added Hunig's base (960 Wl, 5.5 mmol) followed by dropwise addition of the nucleophile (morpholine, isopropylamine, 5 mmol). The solution was stirred at 0³C for 1 h and the reaction was allowed to warm to ambient temperature overnight. The reaction was quenched by pouring into 10% citric acid (50 ml). The organic phase was separated and washed with 10% citric acid, sat. brine and dried. The solvent was removed to yield a white powder, which was recrystallized from ethyl acetate (1.1 g, 86%).
Addition of the third side chain (R2)
To a stirred solution of disubstituted chlorotriazine (0.5 mmol) in anhydrous aminomethyl pyrrolidone (5 ml) at 20³C, was added Hunig's base (960 Wl, 5.5 mmol) and the nucleophile (5 mmol). The solution was warmed to 80³C and stirred until reaction was complete (1^3 h). The reaction was quenched by pouring into 10% citric acid (50 ml). The organic phase was separated and washed with 10% citric acid, sat. brine and dried. The solvent was removed to yield a white powder, which was puri¢ed by £ash column chromatography and recrystallized from ethyl acetate when possible (quant). In the case where R2 = amino group, sodium azide was the nucleophile. The azidotriazine was then reduced with borohydride on Amberlite in methanol to give the desired aminotriazine. The identity of the chromatographically pure library members was con¢rmed by mass spectrometry.
Triazine hydrolysis assays
All mass spectrometry data were recorded on a Micromass Quattro LC (Micromass, Beverly, MA, USA) equipped with an electrospray ionization source. The mobile phase (methanol) was introduced at a constant £ow rate of 300 Wl/min. Samples (10 Wl) were drawn from a 96-well microtiter plate and analyzed in £owinjection mode at a speed of one sample every 40 s.
To detect for all 15 substrates and their products, we used the ¢xed side chain (isopropylamine group) as a mass spectroscopy neutral loss detection marker. The neutral loss MS/MS spectra were obtained in the triple-quadrupole neutral loss scanning mode by searching for mass losses of 42 (C 3 H 6 ) in the mass range of 130^300 amu. The pressure in quadrupole 2 (collision cell) normally was set at 5U10 34 mbar. The collision energy was adjusted to 30 eV. The photomultiplier was operated at 650 V.
